With the trend towards miniaturization, micromachining becomes more and more important in fabricating micro parts. Investigations have shown that unpredictable tool life and premature tool failure present a serious concern in micromachining. To further develop the process, a systematic study of various types of tool geometry has been carried out. The tool failure modes and the ways in which tool life can be improved were also studied. Experimental results show that the tool tip rigidity of the semi circle-based (D-type) end-mills is much higher than that of the two-flute (commercial type) end-mills, and the machining quality with the D-type tools is better than that of the triangle-based ( -type) end-mills. The tool breakage of end-milling operations simulated using real tool geometry is in good agreement with experimental data. Both the experimental study and FEM analysis have shown that the D-type end-mills are more suitable for micromachining.
Introduction
The convenience and value of many products can be substantially increased with reduced size and weight. With the trend towards miniaturization, micromachining becomes increasingly important in fabricating micro parts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Milling is one of the most universal operations in machining processes. In conventional end-milling, tool failures of the two-flute end-mills have been extensively studied. However, use of this type of tool is not successful in micromachining due to the weakness of the tool body [4, 6, 10] , especially when the diameter of the end-mills is below 0.1 mm. While the machining community has shown much interest and excitement in micromachining, there have been many reports of serious tool failures [4, 10, 11] . This paper reports our recent studies on various types of tool geometry, namely, two-flute (commercial type) endmills, triangle-based ( -type) end-mills and semi circle-based (D-type) end-mills. The study revealed the tool failure modes of the three tool types and ways of improving the tool life. Although tool wear is a problem, it may not be as serious as tool breakage. Therefore, this paper focused on the analysis of tool breakage. Finite element method (FEM) analysis is carried out to simulate the breakage and chipping of the tools. The successful applications of the micro tools both in bio-medical parts with feature size smaller than 50 µm and microembossing dies with feature size smaller than 80 µm are presented in this paper.
Experimental set up
The experiments were conducted on a Roeders 760 high speed machining centre with a maximum spindle speed of 42 000 rpm. The commercial two-flute end-mills, specially designed -type end-mills, and D-type end-mills were micrograin tungsten carbide tools with diameters of 0.1 and 0.2 mm. The work material was brass (65% Cu and 35% Zn) with a Brinell hardness of 85. Figure 1 shows the experimental set up. The cutting force was measured using a Kistler dynamometer capable of measuring forces down to 0.01 N. Table 1 shows the details of the cutting conditions.
Micro tool geometry
As the breakage of the micro end-mills is serious if the tools are not designed properly, an extensive investigation on tool geometry was conducted. 
FEM analysis

Force distribution and meshing method
With the advent of computers, the finite element method has become a powerful tool that could overcome the computational difficulties associated with analysing the machining process.
In this study, a specific FEM analysis on tool breakage in micromilling has been carried out using ANSYS 5.4. The properties of the tool material used in the computation are shown in table 3 [12] .
The maximum-normal-stress theory has been found to produce reasonable accuracy to materials which produce a brittle fracture both in the test specimen and in actual service [13] . In tensile or bend tests, fracture occurs with no measurable plastic deformation, and cemented carbides are therefore, often characterized as 'brittle' materials in the same category, as glass and ceramics [14, 15] . Carbide tools can withstand only limited deformation, even at elevated temperature, and cracks form which lead to sudden fracture at the critical value of the transverse rupture strength (TRS). In this study, the maximum principal stress σ 1 is used to evaluate the tool breakage.
In the simulation, the forces acting on the cutting edge can be modeled as concentrated forces or distributed forces as shown in figures 3(a) and (b). Concentrated force was added on the cutting edge to simulate the stress in the tool body. When the force is only 0.01 N, the stress at the edge tip has reached the TRS, which is not consistent with the experimental data. In fact, the forces on the cutting edge are very complicated. In this study, distributed forces are employed, where the depth and width of the distributed force are referred to the depth of cut and feed per tooth. Tetrahedron-type element was selected for meshing the model as it has a quadratic displacement behavior and is well suited to model irregular meshes (see figure 4) . The element is defined by ten nodes having three degrees of freedom at each node.
Effect of tool diameter
FEM analysis shows that when the cutting force acting on the tool tip of the end-mills with a diameter of 0.1 mm reaches 0.06 N, the tensile stress on point A would exceed the value of TRS (see figures 5(a) and (b)). This causes chipping. With an increase to 0.26 N in cutting force, the tensile stress at the point B goes up to the value of TRS so that the tool would break.
For a tool diameter of 0.2 mm, the chipping occurred at a cutting force of 0.34 N at point A and the tool would break at a cutting force of 1.54 N at position B (see figures 5(c) and (d)). This explains why two-flute end-mills with a diameter of 0.1 mm are much more easily broken compared to end-mills with a diameter of 0.2 mm. 
Effect of tool geometry
As two-flute end-mills are too weak to cut work materials when the tool diameter is below 0.1 mm, -type end-mills and semi circle-based end-mills with straight body were initially considered for use in micromachining. Figures 6(a)-(d ) show the results from the FEM analysis. For two-flute end-mills, chipping occurred first before the tool was broken at the cutting force of 0.30 N, whereas chipping and breakage of thetype end-mills occurred at the same critical cutting force of 0.16 N (see table 4 ). Similarly, chipping and breakage of D-type end-mills also occurred around same cutting force of 0.10 N. In practice, tool tips with a tapered body are usually required. It is because this shape is more suitable for fabricating 3D structures. Under the experimental conditions, these -type end-mills and D-type end-mills were never broken and only chipping occurred at point A (see figures 6(e) and ( f )). The chipping occurred at forces of 0.21 N and 0.20 N respectively. These forces are three times bigger than the chipping critical force of two-flute end-mills.
Experimental results and discussions
Owing to the weakness of the micro tool body and the tiny portion of the tool tip being involved in cutting, tool failures are the main problem in micromilling. Among those tool failures, the breakage of the two-flute end-mills is more serious. It could occur at the very beginning of the cutting at the spindle speed of 40 000 rpm, feedrate of 120 mm min −1 and depth of cut of 0.05 mm (see figure 7(a) ), or the tool could last for a short while before the breakage occurs at the spindle speed of 40 000 rpm, feedrate of 60 mm min −1 , depth of cut of 0.05 mm (see figure 7(b) ). If the spindle speed is decreased to 35 000 rpm or below, the end-mills with a diameter of 0.2 mm can be used for cutting for 60 min (see figure 7(c) ). With an increase in tool wear, the cutting force increases and eventually breaks the cutting tool.
With a low spindle speed of 20 000 rpm and a feedrate below 120 mm min −1 , the three types of end-mills work properly under the experimental conditions. With an increase in the spindle speed, two-flute end-mills were unable to cut anymore and were eventually broken. However, -type endmills and D-type end-mills were never broken. The main failures associated with them are chipping and edge wear as shown in figure 8 and table 5.
Cutting force acting on the tool is an important aspect of machining operations. It is an indication of the tool loading in cutting. Figures 9 and 10 show the cutting force variations with the various types of tool geometry. The chipping with -type end-mills may cause a higher cutting force (see figures 8(e) and 10). A detailed analysis of the reason for the tool failures is given in the following.
Conventional end-mills are usually made of two flutes to form two cutting edges. However, for tool diameter with order of 0.1 mm, the solid part of tool body is even less. In micro-end-milling operation, the tool run-out to tool diameter ratio becomes very big compared to conventional end-milling operation. As a result, only one cutting edge of a two-flute end-mill performs the machining operation, while the other edge does not touch the workpiece at all. When one of the cutting edges performs all or most of the cutting operations, the force variation increases significantly. With such a small tool dimension, even if the cutting force is as small as few tens mN, chipping of the tool tip would occur. With further increase in cutting forces, the end-mills would eventually break. This is because the principal stress reaches the maximum value at this part. It is in agreement with the analysis by FEM.
The rigidity of -type end-mills is much higher. They are never broken under the experimental conditions as shown in table 5. This is also in consistence with FEM analysis. Because of the small surface speed of the cutting edge, a low feedrate has to be chosen, resulting a feed per revolution (see table 5) in the range of the cutting edge radius [16] . As the end-mills are cutting with a nominal negative rake angle, considering the cutting edge effect from the small undeformed chip thickness, the effective rake angle is even large [13] . This worsens the cutting situation and increases the cutting temperature, which may cause the tool tip to chip off as shown in figure 8 . As only one cutting edge performs cutting, chipping occurs at one cutting edge in most cases (see figures 8(b) , (e) and (g)). With this tool failure, the cutting forces would go up as shown in figure 10 .
Similarly to -type end-mills, D-type end-mills are easy to make and have a higher rigidity when compared to the twoflute end-mills. No breakage occurred during the experiments. As the undeformed chip thickness is in the same order of the amplitude of the cutting edge radius or even smaller than cutting edge radius (around 3 µm estimated by using SEM and Form Talysurf ), the tool wear usually occurred along the cutting edge as shown in figures 8(c), ( f ) and (h). In conventional milling, the criterion of tool wear, V B is set to 0.3 mm, which is certainly not suitable for the case of micromachining. Under the experimental conditions, it is found that surface finish is a good indicator to evaluate the tool life. As the spindle speed is 40 000 rpm and depth of cut is 50 µm, once the cutting time exceeds 60 min, the surface roughness increases dramatically (see figure 11 ). In this case, the edge wear is about 20 µm.
Applications
With advances in micromachining in recent years, it is increasingly used in fabricating photonic components, End-mill 0.3mm Figure 13 . Micromachining of embossing dies.
bio-medical components and micro molds/dies. Figure 12 shows mesa arrays with (a) square-base and (b) triangle base which are used in bio-medical devices. The strategy of tool path used is 'follow contour'. It gives a better surface finish comparing to the tool path of 'layer by layer'. There are some difficulties with the fabrication of microembossing dies, especially when the wall width is 0.1 mm or smaller. With semi circle-based end-mills, the width of walls and channels have been successfully fabricated down to 80 µm as shown in figure 13.
Conclusions
Experimental studies have shown that unpredictable tool life and premature tool failure present a serious concern in micromachining. To further develop the micromachining process, a systematic investigation of the various types of tool geometry has been conducted. For the tool type of trianglebase end-mills, the tool tip rigidity is much higher than that of the other two types. The tool breakage did not occur under the experimental conditions, unlike two-flute end-mills where the tools are broken frequently. However, the machining quality with this type of tools is poorer than the others due to the large negative effective rake angle from very small undeformed chip thickness. D-type end-mills have both higher rigidity and better cutting performance among the various types of endmills. According to the FEM analysis, the chipping may only occur at the tool tip when cutting forces exceed a critical value. As the cutting forces in the end-milling operation may not reach this threshold, there is no chipping but edge wear. With the experimental study and FEM analysis, it may be confirmed that, for tool diameter in the order of 0.1 mm, D-type end-mills are more suitable for fabricating micro parts.
Successful applications of the micro semi circle-based end-mills both in bio-medical parts with feature size smaller than 50 µm and microembossing dies with feature size smaller than 80 µm have been demonstrated.
